Introduction
Primary biliary cholangitis (PBC), formerly known as primary biliary cirrhosis [1, 2] , is a liver-specific autoimmune disease characterized by female preponderance and destruction of intrahepatic bile ducts that often results in cirrhosis and hepatic failure [3] [4] [5] . The prevalence of PBC ranges from 20 to 40 cases per 100,000 persons [4] [5] [6] , although the number of patients with PBC, specifically asymptomatic PBC, is on the rise due mainly to increased awareness and earlier detection by disease-specific antimitochondrial antibodies (AMAs). Ursodeoxycholic acid (UDCA) therapy is the most effective treatment for PBC and is recommended by most guidelines [7, 8] . The vast majority of patients with PBC show a favorable response to UDCA treatment despite some cases of disease progression via unknown mechanisms [9, 10] . Genetic factors are considered to play a prominent role in disease onset as higher concordance rates in monozygotic twins than in dizygotic twins and familial clustering of patients with PBC has been demonstrated in family and population studies [11] [12] [13] [14] [15] [16] . However, the etiology of this disease has yet to be conclusively clarified; PBC is presumed to be a multifactorial polygenic condition caused by allelic triggers and environmental factors in genetically susceptible individuals, although epigenetic mechanisms, such as instability of X chromosome gene expression, may also participate in the disease's female predominance [17] [18] [19] .
In the present article, we summarize the literature on human leukocyte antigen (HLA) involvement in PBC onset and GWAS findings from North American, European, and Japanese populations to explore the disease pathways of PBC pathogenesis.
Associations between HLA and PBC Susceptibility
Many significant susceptibility single nucleotide polymorphisms (SNPs), such as CTLA4, TNF-a, STAT4, PTPN22, and VDR, have been identified using candidate gene methods [20] [21] [22] [23] [24] . Among them, however, only HLA has consistently been associated with PBC in distinct patient cohorts across ethnicities. Located on the most gene-dense genomic region on chromosomal position 6p21 [25] , HLA genes are extremely polymorphic and play an essential role in numerous biologically and medically relevant processes. The products of the 2 Journal of Immunology Research HLA polymorphisms have been extensively studied in immune-mediated diseases, revealing associations of particular alleles with ankylosing spondylitis (AS), Behçet's disease (BD), psoriasis, multiple sclerosis (MS), insulindependent diabetes mellitus (IDDM), systemic lupus erythematosus (SLE), inflammatory bowel disease (IBD), rheumatoid arthritis (RA), narcolepsy, autoimmune hepatitis (AIH), and autoimmune pancreatitis (AIP) among others. Early investigations on associations between HLA polymorphisms and PBC were carried out more than a quarter-century ago [37] . Based on these findings, subsequent cumulative studies have provided evidence that PBC is associated with DRB1 * 08 as predisposing and DRB1 * 11 and DRB1 * 13 as protective alleles [28, 38] [40] , human papilloma [41] , and human immunodeficiency [42] and DRB1 * 13 against hepatitis C [43] , human papilloma [44] , and human immunodeficiency [45] viruses along with malaria [44] . Thus, one of the pathogenic mechanisms in PBC may be bacterial infection as these protective HLA class II alleles play a functional role in blocking the invasion of infectious agents. However, individuals harboring the above haplotypes constitute only a minority of patients with PBC, suggesting that other candidate genes and environmental cues evoke PBC pathogenesis. Umemura et al. [26] reported the possibility that the distribution of DRB1 amino acid residues encoded by different HLA DRB1 alleles influenced the binding affinity to antigens, which might also be a predominant factor in PBC susceptibility.
GWAS on PBC
There have been extensive GWAS in patients with PBC, a number of which documenting significant associations with disease risk. To date, five GWAS [29] [30] [31] [32] [33] , two Illumina immunochip studies [34, 35] , and one genome-wide metaanalysis (GWMA) [36] on PBC have been performed on well-characterized cohorts in North American, European, and Japanese populations ( Table 2 ). These investigations clarified that the HLA class II domain possessed the strongest association with disease susceptibility, particularly at the HLA-DRB1, HLA-DQA1, and HLA-DQB1 loci. However, HLA alone does not explain the entire genetic predisposition to PBC, mainly since 80-90% of patients with the disease do not carry the most common HLA susceptibility alleles. In this regard, other genes apart from HLA loci are suggested to contribute to disease development. At present, GWAS have identified 39 non-HLA loci predisposing to PBC at a genomewide level of significance (Table 3) .
The first GWAS [29] in a North American cohort identified a significant association of PBC with genetic variants at IL12A, encoding IL-12 p35, and IL12RB2, encoding IL-12 receptor 2. Modest ( < 5.0 × 10 −5 ) genome-wide associations with disease risk for SNPs at the signal transducer [34] as well as between CTLA4 and TNF loci in the pre-GWAS era [46] . Epistatic interactions between genes revealed by GWAS in the pathogenesis of PBC should be explored in future studies.
While gene associations are of considerable interest in the pathogenesis of PBC, virtually none have been translated into useful clinical testing. For instance, the importance of the IL-12 pathway in PBC onset has been highlighted in animal models and in the case of a child with a congenital IL-12 deficiency who developed PBC [47] . Although antibodies or drugs targeting the IL-12 pathway would seem to be effective, clinical trials using ustekinumab, a human monoclonal antibody directed against IL-12 and IL-23, have failed to produce effects in phase II trials [48] . One reason explaining the discrepancy between GWAS results and clinical testing may be that clinicians typically encounter patients who have already become complicated with cholestasis; in fact, the immunological destruction of cholangiocytes occurs in the very early stages of PBC. Thus, the mechanisms of disease progression should also be addressed to halt the deterioration of disease status and afford PBC patients an improved prognosis.
Lastly, it is particularly interesting that many genes implicated in PBC pathogenesis by GWAS have also been reported in other autoimmune diseases, such as SLE, systemic sclerosis (SSc), and Sjögren's syndrome (Table 3) , suggesting a genetic overlap. Understanding the mechanisms involved in the onset and progression of certain autoimmune diseases may accordingly shed light on those in PBC.
Conclusions and Future Directions
The pathogenesis of PBC is incompletely understood but appears to involve genetic susceptibility and resistance alleles in HLA and other gene loci, with a possible overlap with several autoimmune diseases. It is also probable that genetically susceptible individuals develop PBC following environmental cues, leading to both adaptive and innate immune responses that result in portal inflammation and bile duct epithelial damage. In addition to susceptibility, the precise mechanisms of PBC progression should be addressed to improve patient prognosis and quality of life.
